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GLYCOLYSIS AND RESPIRATION IN CATTLE SKIN*
D. GILBERT, PH.D.t
Although the respiration and glycolysis of
human skin were first measured in 1926, (1) it is
only comparatively recently that experimental
studies have been undertaken in order to eluci-
date the details of these processes. These studies
have demonstrated many glycolytic and respira-
tory enzymes in mammalian skin (2—8) and also
the overall activities of the Embden-Meyerhof,
Krebs Cycle and Dickens Shunt pathways (9, 10).
The ability of many intermediates on these
pathways to stimulate the respiration of mamma-
lian skin has also been reported (8, 11—14). In
no ease, however, was the effect very marked, and
it is not known whether the substrates used re-
place the endogenous substrate; this supports
respiration for several hours in the absence of
added substrate (12—14). Furthermore, the only
information regarding the nature of this endog-
enous substrate has been the R.Q. measure-
ments of Barron et al. (8).
Evidence presented in this communication
suggests that the endogenous substrate in cattle
skin consists largely of fat and protein, and that
its oxidation is partially, but not completely,
suppressed by the addition of glucose, lactate,
pyruvate or fumarate to the incubation medium.
The inhibition of respiration by glucose (the
Crabtree effect) is also reported. This is believed
to be the first time the Crabtree effect has been
in the skin of any species, although it has been
observed by other workers in a number of normal
(15—22) and neoplastic (22—25) tissues.
METHODs
1. Collection of slices.
Cattle ears were severed from the carcass as
soon as possible after death, and immediately
packed in ice. On arrival at the laboratory, the
inner faces of the ears were cleaned with ether and
shaved.
Slices 0.1 to 0.2mm thick were cut freehand from
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the prepared surface, and collected on filter paper
moistened with KRPt (26). The time from death
to slicing was about two hours. If a slice thicker
than 0.2 mm thick was removed, the exposed
surface appeared yellow because of the sebaceous
glands lying just beneath it, and the slice was then
rejected. The slices from one ear (usually 100—150
mg.) were kept together, weighed, placed in a
Warburg flask containing incubation medium,
and kept on ice.
2. Incubation.
Slices were incubated in KRP containing sub-
strate as specified at 370 witha gas phase of oxygen
in conventional Warburg flasks. The flasks were
flushed with a rapid stream of oxygen for 4 min-
utes, and 10 minutes were allowed for equilibra-
tion before taking the first manometer readings.
Oxygen uptake was then measured for 3 hours,
and the total incubation time, including initial
and final manipulations, was 3)4 hours.
3. Chemical estimations.
Glucose was determined colormetrially by the
method of Somogyi (27) and Nelson (28). Lactic
acid was determined colorimetri ally by the method
of Barker and Summerson (29). Pyruvic acid was
determined colorimetrially by the method of
Friedemann and Haugen (30), using recrystallized
pyruvic acid (the gift of Dr. S. P. Datta) as the
standard. Glyco yen was determined by the method
of Hawk Oser and Summerson (31) Ammonia was
determined by the method of Russell (32) on the
supernatant obtained by deproteinizing the con-
tents of the main compartment of the flask (i.e.
slices plus medium). Deproteinization was carried
out by the addition of approximately equivalent
amounts of Ba(OH), and Zn504 solutions and
centrifuging. A slightly stronger colour was ob-
tained when an excess of Zn504 was present, and
the concentrations of the deproteinizing reagents
were adjusted to leave an excess of 0.5 mg.
ZnSO47H,O per ml.
In the presence of glucose the color obtained
from a given amount of NH, is about half that
obtained normally, but the relationship between
optical density and NH, concentration remains
linear. The other substrates used did not interfere
with the determination.
RESULT5
Tissue samples were weighed fresh, bcfore incu-
bation. The ratio of wet weight to dry weight for
t The following abbreviations have been used in
this paper :—KRP, Krebs Ringer Phosphate; QO,,
yl 0, taken up per hour per mg dry wt. of tissue;
ADP, Adenosine diphosphate; ATP, Adenosine
triphosphate; R.Q., Respiratory quotient.
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TABLE 1
The effect of substrates on the respiration of cattle skin slices
Cattle skin slices were iacubated in KRP alone or with added substrate at 37° with a gas phase of
O. Substrates were adjusted to pH 7.4 before being added to the medium.
Substrate Conrentratioo (M.)
QOs in the First Hour ot Measurement
In KR? In KRP + substeate
Glucose
Glucose
Lactate
Acetate
Pyruvate
Fumarate
Glutamate
0.01
0.05
0.01
0.01
0.01
0.01
0.01
2.95 + 0.09 (6) 2.32 0.09 (9)
2.29 0.07 (11) 1.62 0.07 (11)
2.62 0.10 (5) 3.10 0.16 (6)
2.80 0.04 (3) 2.99 + 0.04 (3)
2.47 0.13 (10) 2.43 0.05 (12)
2.44 0.16 (9) 2.47 0.05 (22)
2.75 0.05 (11) 2.84 0.09 (12)
TABLE 2
The rate of change of QOs of cattle skin
slices in vitro
Cattle skin slices were incubated as described
in Table 1.
Substrate Coneen-tration Change in QOs (QOs 3rdhour — QOs 1st hour)
None*
Glucose
Glucose
Lactate
Pyruvate
Fumarate
Glutamate
0.01
0.05
0.01
0.01
0.01
0.01
—0.31 0.07 (12)
—0.12 0.06 (18)
+0.08 0.05 (11)t
+0.01 0.05 (18)t
—0.08 0.08 (12)t
—0.18 0.06 (7)
—0.38 0.06 (12)
* Five other series gave mean Q02 changes
between —0.40 and —0.23 from the first to the
third hour of measurement.
tIn these experiments the respiration in the
third hour was not significantly different from that
in the first hour.
six typical samples was 3.69 0.06* and this
factor has been employed to express results on a
dry weight basis.
The Q02 of cattle skin slices in KRP with a
gas phase of 02 was 2.5. The addition of lactate
or of acetate to the incubation medium caused a
significant rise in the Q02 (table 1). Pyruvate,
fumarate and glutamate had no effect on the Q02,
and glucose depressed the Q02 by about 20%
(table 1).
In the absence of substrate the Q02 declined
* Where the mean of a number of values is
quoted, this is followed by the S.E.M. and also
by the number of values unless this has been given
elsewhere.
slowly. With the exception of glutamate, all the
substrates used stabilised respiration either par-
tially or completely (table 2).
In common with the skin of other mammalian
species, cattle skin carried out aerobic glycolysis
of added glucose. Calculation of the rate of forma-
tion of ATP by cattle skin slices showed that
when glucose was present the ATP formed by
glycolysis compensated for the fall in respiratory
ATP resulting from the Crabtree effect (table 3).
In this experiment the glucose uptake which could
not be accounted for as lactate and pyruvate was
0.0049 0.0015 mols/hr/mg/dry wt. (mean of
6 values). This amount of glucose, if respired,
would require a Q02 of 0.66 0.20, whereas the
observed QOs was 1.73, i.e. much of the observed
respiration must consist of oxidation of endog-
enous substrate. This is confirmed by the finding
(33) that when glucose uniformly labelled with
t4C was used as substrate, the specific activity of
the respiratory CO2 was about half that of the
substrate. With lactate or pyruvate as substrate
there was, once more, a large discrepancy between
the observed Q02 and the Q02 which would be
predicted from the substrate disappearing (table
4).
In order to determine whether glycogen could
be the endogenous substrate, the glycogen con-
tent of cattle skin slices was estimated. The value
obtained (expressed as glucose) was 1.38 + 0.11
mg./g. dry wt., i.e. enough to support respira-
tion at the rate observed for only about half an
hour, whereas the endogenous respiration is much
more persistent than that (tables 1, 2).
Further information regarding the endogenous
substrate was furnished by estimates of the R.Q.
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TABLE 3
The rates of glycolyte and respiratory A TP formation in cattle skin
Cattle skin slices were incubated as described in Table 1. Six samples of skin were incubated in each
medium.
Incubation Medium Q0 Glucose Uptake5mols/hr/mg
dry wt.
Lactate Formed
5mols/hr/mg
dry wt.
Pyruvate
Formed
5mols/hr/mg
dry wt.
5mols/hr./mg. dry wt.
Calculated ATP Formation,*
I
Glycolytic Respiratory Total
KRP 2.06 0.06 — — — 0.555 0.555
KRP + glucose 1.73 0.09 0.565 0.102 0.0010 0.103 0.465 0.568
0.01 M.
In calculating these values it is assumed that 1 mol. of ATP is formed for each mol. of pyruvate
or lactate formed, and that 3 mols. of ATP are formed for each atom of oxygen respired.
TABLE 4
The persistent endogenous respiration of cattle skin
Cattle skin slices were incubated as described in Table 1. Seven samples were incubated in pyruvate
and six in lactate.
Difference QO,
Substrate Rate of Uptakepmol/hr/mg dry wt. Product
Rate of Accumulation
5mol/hr/mg dry wt.
(Uptake-
accumulation)
pmol/hr/mg
dry wt. Predicted* Observed genous
Endo-
Pyruvate 0.0361 0.0008 Lactate 0.0189 .0012 0.0172 0.74 2.43 1.69
Lactate 0.0332 0.0035 Pyruvate 0.0055 .0004 0.0277 1.92 3.02 1.10
* In calculating these values allowance has been made for the oxidation-reduction change in the
interconversion of pyruvate and lactate.
TABLE 5
The respiratory quotient of calde skin
Cattle skin slices were incubated as described
in Table 1. The CO2 evolved was collected in
carbonate free NaOH, and estimated gravi-
metrically as BaCO3.
Substrate Apparent EQ.
None
Lactate
Fumarate
Glucose
0.715 0.018 (6)
0.780 0.014 (8)
0.848 0.025 (9)
0.870 0.032 (10)
of cattle skin in the presence of various substrates.
CO2 was precipitated as BaCO3 and weighed, as
described, (33). From the yield of BaCO3 the
rate of CO2 formation and thence the R.Q. was
estimated. The value obtained is probably a few
percent low, as traces of BaCO3 are left behind
at the final transfer, so the values are quoted as
"apparent" R.Q. The error involved is, however,
small and of little significance because all the
R.Q. va]ues will be similarly affected. It should
not significantly alter the considerable rises in
R.Q. caused by the addition of glucose fumarate
and lactate to the incubation medium (table 5).
The rise in R.Q. on the addition of these sub-
strates suggested that the endogenous substrate
may be fat or protein. The observation that am-
monia was evolved during endogenous respira-
tion provided further evidence that protein con-
tributed to the endogenous respiratory substrate
(table 6). Glucose and lactate reduced ammonia
production, but fumarate had no effect.
DISCUSSION
The failure of cattle skin to satisfy its eflergy
requirements by the metabolism of added sub-
strates under the conditions of these experiments
is an indication that the metabolism of the tissue
is abnormal under these conditions, in spite of
the active respiration and glycolysis observed.
Ideally the uptake of substrates should more than
compensate for the CO2 and other metabolites
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evolved, the difference being the amount of sub-
strate utilised for growth. The results of this
study suggest that when skin is incubated in vitro
the ability of the tissue to use added substrate as
its soure& of energy, to the exclusion of endog-
enous substrate, may be a more sensitive
measure of normal tissue function than are meas-
urements of respiratory and glyeolytie rates,
tissue viability etc.
Substrate balance experiments by Cruiekshank
and his colleagues showed a net accumulation of
glucose when serum is present (9) but not in a
medium without serum (12). Freinkel has found
some incorporation of 14C from labelled glucose
into the skin lipids using human skin in Krebs
Ringer Bicarbonate (10), but did not prove net
lipid synthesis. The yield of CO2 arising from the
substrate in her experiments can be calculated to
be about 0.2 eg C02/hr/mg fresh tissue with epi-
dermal slices and 0.06 yg C02/hr/mg fresh tissue
with dermal slices, so that either the yield of
respiratory CO2 was exceptionally low or the sub-
strate only contributed a small portion of the
respiratory CO2. In the present study the yield
of respiratory CO2 was approximately 0.9 yg/hr/
mg fresh tissue in the presence of 0.01 M. glucose.
The Crabtree effect (table 1) has not been re-
ported for mammalian skin before, but it has been
studied in detail in aseites tumor cells (34—37).
This work has suggested that the Crabtree effect
may be caused by competition between the
glycolytie and respiratory pathways for ADP
and/or phosphate ions according to the overall
equations (1) and (2).
Equation (1).
Equation (2).
The same mechanism will account for the
Pasteur effect (38—40) and this effect has been
observed in guinea pig skin by Cruiekshank and
Trotter (9).
There is not sufficient evidence yet to say that
such competition does occur in mammalian skin;
however, the finding that ATP synthesis is the
same in the presence and absence of glucose (table
3) is consistent with such a mechanism (25).
* n may be 2, 3 or 4 according to the substrate
oxidised and the mechanism of the reaction.
TABLE 6
The evolution of ammonia by cattle skin
slices
Cattle skin slices were incubated as described
in Table 1. Two samples from the same animal
were compared directly, one being incubated with
substrate and the other without. The rate of
ammonia evolution in the presence of substrate
can then be expressed as a fraction of that ob-
served in the absence of substrate for each animal.
Six typical samples analysed immediately after
slicing contained 43 6 pg ammonia N per g
tissue, and the experimental results have been
corrected for this "blank."
0.24
0.73
+0. 067
0.96
The changes in R.Q. observed in cattle skin on
the addition of various substrates (table 5) and
the suppression of NH3 formation (table 6) in-
indicate a change-over from the oxidation of fat
and protein to oxidation of the added substrate.
Low R.Q. values have been reported for rat skin
(8) and an R.Q. of nearly 1.0 for guinea-pig skin
in the presence of serum and glucose (9). Am-
monia evolution by mammalian skin in the ab-
sence of substrate has not been reported before,
although rat skin has been shown to evolve am-
monia when amino acids are added to the medium
(8). Endogenous NH3 formation, and its inhibi-
tion by glucose, have been observed in retieulo-
cytes and aseites tumour cells by Berlitzer (16).
The rate of endogenous ammonia formation by
cattle skin (table 6) indicates that protein pro-
vides about 25% of the endogenous respiratory
substrate, if the ammonia is derived from amino
acids which are subsequently oxidised to CO2 and
H2O.
Substrate No. ofValues
Coo-
ceotra-
ti on
(M).
Ammonia Evolved
(Mg N/mg/br)
(A) in (B) in KRP
KRP plus sub-strate
(B)
(A)
Glucose 5 0.01 0.112 0.027
Lactate
Fumarate
6
7
0.01 0.0181
0.01 0.092
0.059
0.088
CeHmOe + 2ADP + 2H3PO4 = 2C3H5O3 + 2ATP + 2H2O.
RH2 + O2 + nADP + nH3PO4 = R + nATP + (n + l)H7O.*
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The R.Q. measurements (table 5) suggest that
fat forms the bulk of the endogenous respiratory
substrate, but there is no more direct evidence
on this point.
SUMMARY
1. Glucose depressed the QOl of cattle skin
slices, and lactate and acetate increased it. Pyru-
vate, fumarate and glumatate had no effect on the
initial respiratory rate, hut pyruvate and
fumarate stabilized respiration.
2. Glucose was converted to lactate and
pyruvate by cattle skin slices, the glyeolytie
ATP thus formed compensating for the loss of
respiratory ATP.
3. Glucose, lactate and pyruvate each ap-
peared to replace about half the endogenous re-
spiratory substrate.
4. Endogenous ammonia evolution by cattle
skin slices was observed. This is markedly reduced
by glucose and lactate but not by fumarate.
5. The addition of glucose, lactate and fuma-
rate to the medium raised the R.Q. of cattle skin
slices.
6. These results are provisionally interpreted
as showing that the endogenous substrate of
cattle skin slices consists of fat and protein, that
the conditions employed have not permitted the
full utilization of external substrate, and that
respiration is limited by the availability of ADP
or inorganic phosphate.
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